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Abstract
Paleoclimate research based on the investigation of geochemical proxies in ma-
rine climate archives has been growing considerably during the last two decades,
due to the development of more precise analytical systems. Thermal ionization and
inductively coupled plasma mass spectrometers, equipped with multi-collectors, en-
able to obtain precise and accurate isotopic data, an essential requirement for reliable
reconstructions of the physical and chemical marine parameters. In the last 5 years,
part of the paleoclimate investigation focused on the Mediterranean has been car-
ried out using these cutting-edge analytical techniques through international collab-
orations among Italian, Australian and American scientists. Specimens of shallow-
and deep-water corals collected in the Mediterranean Sea, in the Atlantic and Pacific
Oceans, have been analysed with laser ablation and solution ICP-MS and with a ther-
mal ionization mass spectrometer. The correlation between Li, Mg, P, normalized to
Ca, and the Nd and B isotopic composition of the coral skeletons with the most
important marine parameters has enabled to develop and validate new geochemical
proxies. The derived calibration equations can now be applied to well-dated fossil
corals with the aim to reconstruct the climate variations in the past.
This article reviews some of the principal results achieved in the last 5 years by the
authors and present some future directions on the application of geochemistry to
coral investigation.
1 Introduction
Considerable effort has been made in re-
cent years to refine and develop geochem-
ical proxies in coral skeleton as reliable
tools for Late Quaternary paleoclimate re-
constructions of important marine parame-
ters, such as temperature, salinity, nutrient
content and pH evolution [1, 2, 3, 4, 5, 6].
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Figure 1: Shallow and deep-water corals collected in the Mediterranean Sea. A. Distal
view of the calyx of a live Desmophyllum dianthus showing the orange tentacles and
the septa. B. Fossil D. dianthus colonized by sub-recent and live specimens of the same
species. C. Distal-lateral view of a 37kyrs old D. dianthus. D. Transmitted light image
of the main septum (S1) of a D. dianthus. White and dark microbands form the density
banding characteristic of this species. E. 48kyrs old Lophelia pertusa colony retrieved in
the Strait of Sicily. F. Cladocora caespitosa subspherical colony from Miramare in the
Northern Adriatic Sea. Colony is characterized by distinct corallites, each having its own
wall, growing in a continuous rectilinear way.
Due to their carbonate mineralogy, corals
can be precisely dated by means of AMS
14C and mass spectrometric U/Th dating
[7, 8], and they systematically incorporate
trace elements and stable isotopes, thus be-
ing capable to provide multi-century, sub-
annual resolution records. Since the in-
terpretation of coral geochemistry is com-
plicated by the overprinting of physiolog-
ical processes of skeletal formation, more
emphasis has been placed to better under-
stand the mechanisms of elemental uptake
and isotopic fractionation, in order to re-
trieve reliable climatic and oceanographic
data from coral geochemistry (see [9], for
a review).
Recent investigations on the trace elements
and stable isotopic composition of the arag-
onitic exoskeleton of Mediterranean shal-
low and deep-water corals (Figure 1) have
proved that different corals species thriv-
ing in the Mediterranean Sea at different
depths in the water column can serve as cli-
mate archives [10, 11, 5, 6, 12].
Spatially-resolved geochemical measure-
ments of lithium, boron, magnesium, phos-
phorus, calcium, strontium and uranium
have been carried out on the skeleton of the
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shallow-water coral Cladocora caespitosa
and the cold-water coral species Lophelia
pertusa, Madrepora oculata, Desmophyl-
lum dianthus, and Caryophyllia smithii us-
ing a high-resolution laser ablation ICP-
MS. This analytical technique allows the
analysis of minor and trace elements at
fine-scale resolution, in order to geochemi-
cally characterize the different microstruc-
tures comprising the coral skeleton.
The centres of calcification are considered
to be the first component formed in the
skeleton and are composed of tiny crystals
surrounded by fibrous aragonitic bundles,
which represent the bulk of the skeleton.
Both coral microstructures show character-
istic elemental and isotopic patterns, which
might alter the interpretation of the envi-
ronmental signals if not properly taken into
account. On the basis of previous results at
fine-scale resolution, we decided to focus
on specific geochemical ratios (i.e. Li/Mg)
that seem to overcome the bias related to
the vital effect, giving a unique opportunity
to retrieve precise information on the evo-
lution of seawater temperature in the past.
Very recently, there has been a growing in-
terest in investigating non-traditional iso-
topic systems, such as neodymium and
boron, in coral skeletons, with the aim to
further our knowledge on the water mass
dynamics and the pH evolution. Given the
analytical difficulties in obtaining reliable
Nd and B isotopic data in coral skeletons
only few studies have been conducted so
far [13, 14, 13] The necessary precision
for paleoclimate investigations required the
use of more precise and accurate analytical
machines, such as multi-collectors spec-
trometers, either with inductively coupled
plasma or thermal ionization sources.
Here we briefly review some of the main
results that we have obtained during the
last five years in studying the geochemi-
cal composition of Mediterranean shallow
and deep-water corals with an emphasis
on temperature and nutrient sensitive ele-
ments. In addition, we present some of the
new frontiers in coral geochemistry and the
application of these new promising prox-
ies in retrieving paleoclimate data for the
Mediterranean Sea.
2 The Mediterranean sea:
a natural laboratory for
studying climate change
Due to its peculiar geographic position, sit-
uated at the boundary between the sub-
tropical and mid-latitudes zones and its wa-
ter mass dynamics, the Mediterranean Sea
can be considered a perfect natural labo-
ratory to understand the effects of climate
changes on marine environment from the
photic to the bathyal zone. The Mediter-
ranean Sea is a semi-enclosed basin with
an “anti-estuarine” circulation: the Atlantic
water enters through the Strait of Gibral-
tar as surface water and it progressively
becomes denser while flowing eastward
through the Strait of Sicily towards the
Levantine basin. In the northern Levantine
basin the Modified Atlantic Water sinks to
form the more saline Levantine Interme-
diate Water (LIW), which represents the
major constituent of the Mediterranean In-
termediate Water and part of the Mediter-
ranean Outflow into the Atlantic Ocean.
The LIW flows westward from the East-
ern basin between 150 and 600 meter wa-
ter depth via the relatively shallow Strait of
Sicily (see [15], for a review). During win-
tertime the effect of atmospheric cooling
and evaporation produce cold dense wa-
ters that cascade off the continental shelf in
specific locations of the Mediterranean Sea
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such as in the Gulf of Lions, in the South-
ern Adriatic Sea and in several Aegean
shelves. This process forms the deep wa-
ter system of the Mediterranean Sea, a rel-
evant but still poorly known component of
the entire basin. Even though this is a very
simplicistic view of the Mediterranean cir-
culation it gives an idea of the complexity
of the Mediterranean dynamics, character-
ized by a general circulation typical of the
open ocean. All these basin scale features
were and are impacted by climate change
and the investigation of some of the most
important physical and chemical parame-
ters, such as sea water temperature, nutri-
ent contents and the state of the ventilation,
in the past can help to further elucidate the
climate evolution and the processes oper-
ating in the basin. The Mediterranean Sea
behaves as a “miniature ocean” [16], with
contrasting water masses flowing from the
Eastern to the Western basins and vicev-
ersa, therefore representing an ideal case-
study for building up our knowledge not
only on the internal Mediterranean dynam-
ics but also on the climate changes on a
global scale. The Mediterranean seems to
respond faster than the open oceans to cli-
mate variations and this gives the unique
opportunity to study the effects of the cli-
mate change at a shorter time-scale using
the coral geochemistry.
3 Previous geochemical
studies of Mediter-
ranean corals for paleo-
climate reconstructions
Previous studies on the geochemical com-
position of shallow and deep-water coral
skeletons from the Mediterranean Sea have
been mainly focused on the development
of geochemical proxies for the seawater
temperature and the nutrient content re-
construction of the water column [10, 5,
6]. Silenzi et al. [10] analysed for the
first time the geochemical composition of
the zooxanthellae-bearing coral Cladocora
caepitosa, a species living between 5 and
40 meters water depth and one of the
most important marine biocostructural or-
ganisms in the Mediterranean Sea [17].
The Sr/Ca composition of the high-density
bands, which represent part of the ex-
oskeleton forming during the wintertime,
was found to be significantly correlated to
the winter sea surface temperature (SST),
providing the first calibration equation.
Montagna et al. [6] refined the Sr/Ca equa-
tion using a laser ablation ICP-MS on a liv-
ing coral collected in the Northern Adriatic
Sea. In addition, a suite of elements, such
as Li, B, Mg, P, Ca and U were analysed at
fortnightly resolution. A new set of calibra-
tion equations were derived between B/Ca,
Mg/Ca and U/Ca against SST. The results
proved that this Mediterranean species can
serve as a reliable recorder of the SST, al-
though the “vital effect” can influence the
elemental uptake (see below). At present,
several samples from different locations in
the Mediterranean Sea are being geochem-
ically studied using bulk solution and laser
ablation ICP-MS with the aim to produce
precise calibrations to be applied to the fos-
sil records.
An extensive review of these results can be
found in Montagna et al. [12].
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Figure 2: Sampling locations of the live Lophelia pertusa specimens used for Li/Mg
measurements.
4 New frontiers in coral
geochemistry
In the following pages we will discuss
some of the new developments in coral
geochemistry and the application of these
new promising proxies in reconstructing
the seawater temperature, the nutrient con-
tent, the water dynamics and the pH evo-
lution of the Mediterranean Sea from the
photic zone to the bathyal environment.
4.1 P/Ca ratios in the skeleton of
deep-water corals: a proxy
for seawater nutrient chem-
istry
The knowledge of the past seawater con-
centration of phosphorus, one of the ma-
jor bio-limiting nutrient, is important to es-
timate the contribution of the “biological
pump” to the levels of atmospheric CO2.
Therefore, evaluating past changes in the
export of biological production to deep wa-
ters is a major issue. Unfortunately, most
of the geochemical proxies used to quan-
tify the seawater paleo-phosphorus concen-
tration suffer to varying degrees of addi-
tional environmental factors, which poten-
tially complicate the paleoceanographic re-
constructions. We developed for the first
time a direct method to reconstruct sea-
water paleo-phosphorus concentration by
analysing the P/Ca encoded in the skele-
tal aragonite of the deep-sea coral species
Desmophyllum dianthus [5]. The measure-
ments were performed using a laser abla-
tion ICP-MS and the beam was focused
on the outer face of the main septum (Fig-
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Figure 3: Map of the Mediterranean Sea with the sites where fossil deep-water corals are
already available for geochemical investigations. Most of these samples have been U/Th
dated with ages spanning the last ca. 500kyrs.
ure 1). A calibration equation was de-
rived through the correlation between the
coral P/Ca ratios of several specimens col-
lected worldwide from a range of geo-
graphic locations and the corresponding
dissolved inorganic phosphorus (DIP) con-
centration. The application of this equation
to precisely dated fossil corals allowed us
to characterize the trophic state of the in-
termediate water in the Western Mediter-
ranean Sea at the end of the Younger Dryas
period. Further fine-scale investigations
enabled to improve the previous P/Ca vs.
DIP equation, taking into account the pres-
ence of micro-size domains likely enriched
in micro-apatite [18].
This proxy still represents the only direct
method available so far to obtain informa-
tion on the phosphate content of individ-
ual water masses in the past. Given the
right fossil samples, the coral P/Ca proxy
allows to quantify the fluxes of nutrients to
intermediate and deep-water environments.
Moreover, it can be used to reconstruct the
past ocean productivity, thereby furthering
our understanding of the biological func-
tions of the Mediterranean Sea in regulat-
ing atmospheric CO2.
4.2 Li/Mg ratios in scleractinian
corals: a new precise pale-
othermometer
Sensitive elements used in corals suffer to
varying degrees of limitations due to physi-
ological processes [19, 20, 21, 22, 23]. The
coral physiology is actively controlling the
chemical composition of different portions
of the skeleton, and the temperature recon-
structions are often complicated and biased
by the overprint of this “vital effect”, likely
related to the differential skeletal growth
rate.
Very recently, the authors of the present
contribution carried out a detailed geo-
chemical study of the skeletal aragonite of
shallow and deep-water corals, both in the
field and in aquaria. By focusing a laser ab-
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lation system on different skeletal portions
of living samples of Cladocora caespitosa
and Lophelia pertusa (Figure 2), we found
that the distribution of most of the elements
analysed, including Li, B, Mg, Sr and U is
microstructure-related and largely depends
on the different calcification mechanisms
between the centres of calcification and the
fibrous aragonite [24]. If these fine-scale
variations translate into temperature, they
provide a temperature range between 10
and 18°C, depending on the proxy and the
calibration applied. Clearly, the chemical
composition of the coral skeleton is not pri-
marily controlled by the small temperature
fluctuations in deep ocean sites, which are
on the order of ± 2°C at most. In addi-
tion, we found that this micron-size scale
heterogeneity is ubiquitous among differ-
ent coral species, both zooxanthellate and
azooxanthellate, implying similar physio-
logical processes during the skeletogene-
sis [24]. For the first time we investi-
gated the possibility of deconvolving en-
vironmental from physiological effects by
analysing Li, Mg and Ca. Lithium and
magnesium are highly correlated in shal-
low and deep-water corals and both seem
to be similarly affected by the coral phys-
iology. In order to correct for this “vi-
tal effect” Li/Ca ratios have been normal-
ized for Mg/Ca ratios, providing a positive
and highly significant correlation with the
in-situ water temperature and suggesting a
pure temperature control on Li/Mg ratio.
Regardless of the exact mechanism that
controls the uptake of Li and Mg, it seems
clear that we can significantly improve the
seawater temperature reconstructions with
a precision of ± 0.8°C and with a partic-
ular sensitivity at low temperature such as
those found in the deep ocean.
4.3 Nd-isotopes in deep-water
corals as a novel ocean wa-
ter mass tracer
At present, the main paleo-circulation trac-
ers used in paleoceanography are sta-
ble carbon isotope ratios (δ13C) of dis-
solved inorganic carbon and Cd/Ca in
foraminifera, sortable silt, 231Pa/230Th
ratios and radiocarbon. Unfortunately, all
these proxies are subject to limitations and
vary as a function of additional biological
and environmental factors, including rem-
ineralization, biological productivity and
air-sea gas exchange.
Nd isotopes have been shown to be a
promising new proxy to trace provenance
and water mass mixing, being not fraction-
ated by biological processes in the water
column. 143Nd/144Nd ratios vary in the
Earth as a result of β − decay of 147Sm,
and in the ocean the values reflect the age
of the continental sources of dissolved Nd,
acting as a fingerprint of the dissolved Nd
source regions. Since the residence time
of Nd in the ocean is in the order of 500-
1000 years [25], it can be effectively used
as a tool to reconstruct the movement of
water masses. This proxy has been suc-
cessfully applied on marine cores, in the
dispersed authigenic ferromanganese ox-
ide precipitated in sediments [26, 27, 28],
on foraminiferal shells [29] and on fossil
fish teeth [30]. Only very recently, deep-
water corals have been tested for their Nd-
isotopic composition, showing a close re-
lationship with the composition of the am-
bient seawater [31, 32], and opening new
possibilities to obtain water mass signals
and quantify mixing of water masses via
pared neodymium isotopes and radiocar-
bon analyses of absolutely dated (U/Th)
fossil corals.
The landmasses bordering the Mediter-
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ranean Sea have a distinct Nd-isotopic
composition and this makes it possible
to distinguish between different regional
inputs [25, 33, 34, 35]. In particular,
the Western Mediterranean Sea is char-
acterized by Atlantic values entering the
Mediterranean through Gibraltar whereas
the Eastern basin displays more radiogenic
values reflecting the input of major river
such as the Nile [33].
The study of the Nd-isotopic composition
of deep-water corals collected in strategic
areas of the Mediterranean Sea (e.g. the
Strait of Sicily) will provide a unique op-
portunity to investigate the modification of
the Mediterranean circulation in the past
in relation to climate change variations.
Several living deep-water coral species
(Lophelia pertusa, Madrepora oculata,
Desmophyllum dianthus and Caryophyllia
smithii) have been collected during a recent
ISMAR-CNR cruise (MEDCOR cruise) in
the Strait of Sicily at different depths in the
water column, together with seawater sam-
ples. These samples will provide a unique
opportunity to precisely calibrate the Nd-
isotopic composition of the aragonite ex-
oskeleton with the ambient seawater. They
will also increase the extensive CNR col-
lection of Mediterranean deep-water corals
already available for geochemical studies
(Figure 3), and most of which already U/Th
and AMS 14C dated. Modern calibra-
tion experiments are essential to test a geo-
chemical proxy that will be subsequently
applied to the fossil coral collection. The
Nd-isotopic signals of dated corals will
be combined with more traditional trac-
ers, such as radiocarbon, obtained from
the same specimen in order to trace water
provenance, mixing and rates of overturn-
ing circulation within the Mediterranean
Sea during the Late Quaternary. Finally,
those data may be further used to better
constrain reservoir effects for 14C-dating
of marine benthic organisms.
4.4 Recontructing the seawater
pH evolution in the Mediter-
ranean Sea using boron iso-
topes in corals
pH is an important marine parameter that
enables to evaluate part of the ocean car-
bonate system. As a result of human ac-
tivity the ocean uptakes more CO2, which
leads to a drop in pH, a process called
“Ocean acidification”. To better under-
stand the future impact of ocean acidifi-
cation in the Mediterranean Sea, in terms
of physical, chemical and biological prop-
erties, long-term continuous seawater pH
records are needed. Unfortunately, very lit-
tle is known about the present-day pH vari-
ability in the Mediterranean Sea and paleo-
pH data are completely missing (CIESM,
2008). Recently, it has been suggested that
the analysis of boron isotopes in calcify-
ing organisms can provide accurate sea-
water pH reconstructions [36]. The the-
ory behind the B-isotopes as pH proxy is
quite well established and is based on rel-
atively simple equations. In aqueous so-
lutions boron exists as two species, boric
acid and borate ion, with the proportion of
the two species being pH dependent. The
two species show large isotopic fractiona-
tion (∼ 20) due to different B-O vibra-
tional energy and molecular geometry [37].
Since only the borate ion is postulated to
be incorporated into marine carbonate [38],
and given that the proportions of the aque-
ous species change according to pH, the
boron isotopic composition in marine car-
bonate should also be a function of the am-
bient seawater pH during calcification [39].
While B-isotopes have been mainly mea-
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sured on foraminiferal shells to reconstruct
paleo-seawater pH at glacial-interglacial
scale [40, 41, 42], investigations on corals
are still in their infancy, with only a
few calibrations undertaken using cultured
corals [43, 44] and three reconstructions
using modern long-lived [4, 45] and mid-
late Holocene corals [46]. These first stud-
ies are very promising, indicating that the
boron isotopic composition in corals ac-
tively responds to changes of the ambient
seawater pH, with a precision better than
± 0.02 pH units [45]. However, pH recon-
structions seem to be potentially affected
by the coral microstructures (i.e. cen-
ters of calcification and fibrous aragonite)
[47, 15], and further studies are essential to
determine the exact mechanisms control-
ling the B-isotopes variations in corals.
Very recently, we used positive thermal
ionization mass spectrometry to analyse
the B-isotopic composition of two C. cae-
spitosa colonies cultured for one year un-
der two different pCO2 conditions: am-
bient pCO2 (ca. 400µatm) and elevated
pCO2 (ca. 700µatm). The results clearly
support the evidence that the B-isotopic
composition of this coral species is pH-
dependent and open new perspectives in re-
constructing the paleo-pH evolution in the
Mediterranean Sea using long-lived C. cae-
spitosa colonies [48].
5 A geochemical multi-
proxy approach for re-
constructing the paleo-
climate in the Mediter-
ranean Sea
The advantage of coral skeletons in recon-
structing the environmental parameters in
the past is represented by the possibility
to combine a series of geochemical prox-
ies obtained from the same precisely dated
specimen. As stated before, scleractinian
corals can incorporate a suite of minor and
trace elements in their aragonite exoskele-
ton and they can be precisely dated by
U/Th and AMS 14C methods. In addition,
compared to sediment cores, which are of-
ten affected by bioturbation, corals offer a
continuous and usually undisturbed record
of the Late Quaternary. If suitably cali-
brated, the different geochemical proxies
can be combined together to reconstruct in
detail the paleo-circulation of the Mediter-
ranean Sea and its physical and chemical
state through time. Until now, due to the
lack of the proper samples and precise and
accurate analytical techniques it has been
difficult to reliably reconstruct the paleo-
climate in the Mediterranean Sea at high-
resolution. This novel multi-component
approach will enable to answer specific pa-
leoclimatic questions: How sensitive was
the Mediterranean Sea to climatic events
occurring during the last glacial and inter-
glacial cycles in the Northern Hemisphere?
How did the input/output water fluxes
change through the sills, such as the Strait
of Sicily? How did the Mediterranean cir-
culation regime and the long term variabil-
ity in the surface and deep layers change
during the time? In the recent past the
circulation of the Eastern Mediterranean
Sea undergone a drastic change with the
Aegean Sea replacing for some years the
previously dominating Adriatic Sea as the
main source of the Eastern Mediterranean
Deep Waters (EMDW). This unique event
is termed the Eastern Mediterranean Tran-
sient (EMT) and the real causes are still
unknown although several hypotheses have
been proposed [49]. This type of circula-
tion changes might have also occurred dur-
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ing previous periods and it is important to
document these variations and investigate
the link with the climatic events. These as-
pects remain largely unknown and one way
to better understand the possible causes be-
hind those changes is the detailed study of
the coral geochemistry.
6 Conclusions
Shallow and deep-water corals from the
Mediterranean Sea represent useful tools
for the reconstruction of some of the most
important marine parameters, such as sea-
water temperature, nutrient content, pH
variations, seawater composition and water
mass variability. Previous studies on the
geochemical composition of living speci-
mens of Cladocora caespitosa collected in
the Mediterranean Sea revealed a strong
correlation between Sr/Ca and B/Ca ratios
with sea surface temperature [10, 6]. A re-
fined study of the fine-scale geochemical
pattern of C. caespitosa and the deep-water
corals Lophelia pertusa enabled to iden-
tify a new promising temperature proxy
(Li/Mg), which is independent of the vital
effect, serving as a good candidate to reli-
ably estimate temperature variations in the
past.
More precise and accurate analytical tech-
niques, such as multi-collector ICP-MS or
TIMS, can now be employed for the in-
vestigation of B and Nd-isotopes in corals.
First results of the boron isotopic compo-
sition of scleractinian corals seems to re-
flect the ambient seawater pH during the
calcification process. This is very promis-
ing for the reconstruction of the paleo-pH
variability at different depths in the water
column and for the understanding of the
carbonate system. The Nd-isotopic compo-
sition of deep-water corals has been shown
to be directly related to the ambient seawa-
ter composition. Based on this finding, Nd-
isotopes can be used to reconstruct the wa-
ter mass dynamics, being able to track the
different water masses.
We now dispose of several powerful geo-
chemical tracers and proxies that, com-
bined together, can be applied to precisely
dated corals to reliably characterize the
physical and chemical state of the Mediter-
ranean Sea in the past.
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